Intercellular distribution of enzymes involved in amino nitrogen synthesis was studied in leaves of species representing three C4 groups, i.e. Sorghum bicolor, Zea mays, Digitaria sanguinalis (NADP malic enzyme type); Panicum miliaceum (NAD techniques for separation of mesophyll and bundle sheath cells and also because of the recent progress in understanding the route of amino acid biosynthesis in leaves of C3 plants. The suggestion that glutamate dehydrogenases are responsible for the incorporation of nitrogen into the a-amino group of amino acids through the reductive amination of a-ketoglutarate in presence of ammonia (3) is now regarded by Lea and Miflin (16) as a minor or insignificant pathway. The newly discovered enzymes, glutamine synthetase and glutamate synthase, in leaves of C3 plants has led to the proposal of an alternate pathway for nitrate assimilation (16). The enzyme glutamine synthetase catalyzes the ATP-driven addition of ammonia to glutamate (10, 21, 22) . The amide group of glutamine is then transferred to aketoglutarate by glutamate synthase (16).
dehydrogenase was concentrated in the bundle sheath cells, while NADPHglutamate dehydrogenase was localized in both mesophyll and bundle sheath cells. The activities of nitrate-assimilating enzymes, except for nitrate reductase, were high enough to account for the proposed in vivo rates of nitrate assimilation.
Based on the differential centgation of cell homogenates of P. miliaceum, mesophyll chloroplasts appear to be the major site of nitrate assmiation since nitrite reductase, glutamine synthetase, glutamate synthase, and NADPH-glstamnte dehydrogenase were prmarily localized in the chloroplast fraction. Both the glutamine synthetase-glutamate synthase and glutamate dehydrogenase pathways were considered as alternative routes of amino nitrogen synthesis.
techniques for separation of mesophyll and bundle sheath cells and also because of the recent progress in understanding the route of amino acid biosynthesis in leaves of C3 plants. The suggestion that glutamate dehydrogenases are responsible for the incorporation of nitrogen into the a-amino group of amino acids through the reductive amination of a-ketoglutarate in presence of ammonia (3) is now regarded by Lea and Miflin (16) as a minor or insignificant pathway. The newly discovered enzymes, glutamine synthetase and glutamate synthase, in leaves of C3 plants has led to the proposal of an alternate pathway for nitrate assimilation (16) . The enzyme glutamine synthetase catalyzes the ATP-driven addition of ammonia to glutamate (10, 21, 22) . The amide group of glutamine is then transferred to aketoglutarate by glutamate synthase (16) .
In leaves, the biological reduction of nitrate to ammonia and the subsequent assimilation of ammonia to organic form utilize photosynthetic energy (3) . Since C4 plants have two photosynthetic cell types, mesophyll and bundle sheath, it is of interest to consider the mechanism and localization of nitrate-assimilating enzymes in these species. We utilized species from the three groups of C4 plants in the present work for studying nitrateassimilating enzyme distribution, and the results are discussed in relation to the glutamine synthetase-glutamate synthase pathway of nitrogen assimilation.
In C4 plants, the amino acid aspartate is an early labeled product of photosynthesis apparently associated with the C4 pathway (6, 9, 24) rather than being formed from an intermediate of the carbon reduction pathway as occurs in C3 plants (29) . Aspartate synthesis in C4 plants takes place in their mesophyll cells (12) , and a continual shuttle of aspartate and alanine is proposed between mesophyll and bundle sheath cells which would maintain a nitrogen and carbon balance between the cell types (13, 25) .
In view of this, there has been recent interest in elucidating the mechanism of a-amino nitrogen synthesis in leaves of C4 plants (19, 23 MATERIALS AND METHODS Plant Material. The plants used were Zea mays L., Sorghum bicolor (L.) Moench., Digitaria sanguinalis (L.) Scop., Panicum miliaceum L., and Panicum maximum Jacq. The plants were grown in a growth chamber under a daily regime of 16 hr light and 8 hr dark with a day temperature of 30 C and a night temperature of 20 C. Light was provided by a combination of incandescent and fluorescent lamps giving a quantum flux density of 50 to 70 nanoeinsteins/cm2* sec between wavelengths of 400 and 700 nm. The plants were watered daily with nutrient solution described earlier by Beevers et al. (4) . Mature leaves from plants 10 to 20 days old were excised after an initial 1 to 2 hr of light exposure following the 8-hr dark cycle.
Isolation of Cell Types. The methods used in the present study for isolation and separation of MP and BS were essentially the same as previously described (I 1), except that 0.05 % BSA (w/v) was included in the isolation medium.
Preparation of Enzyme Extracts for Intercellular Studies. The grinding media for the extraction of enzymes consisted of 25 mM K phosphate buffer adjusted to pH 8.8 with KOH, 1 mM EDTA, 25 mm L-cysteine, 3% (w/v) BSA, and 0.1% (w/v) PVP-40 for nitrate and nitrite reductases (27) ; 50 mm K phosphate buffer, pH 7.5, for NADH-and NADPH-dependent glutamate dehydrogenases (14) ; 50 mm tris-HCI buffer, pH 7.9, and 4 mM MgSO4 for glutamine synthetase (20) ; and 100 mM RATHNAM A Tricine, pH 7.5, for glutamate synthase (16) .
Whole leaf extracts for enzyme assays were prepared by grinding 1 g of leaf material in a mortar with 3 to 5 ml of the corresponding grinding medium. After vigorous grinding, the extract was further homogenized in a tight fitting ground glass homogenizer (22-ml capacity, no. 7725, Corning Glass Works, Corning, N. Y.) and filtered through a 30-,um nylon net. Mesophyll protoplasts were ruptured by sucking several times through a 20-,um nylon net attached to the tip of a 1-ml disposable plastic syringe (12, 26) and BS were broken as previously described (25) . Routine microscopic examination of the homogenates was used to assure complete breakage of tissues. The homogenates in all cases were supplemented with Triton X-100 to a final concentration of 0.1% (v/v) to complete the solubilization of enzymes that may be associated with organelles. An aliquot of the homogenate was saved at this stage for Chl determination. After standing for 30 min, the homogenates were clarified by centrifuging at 30,000g for 10 min. The supernatants were freed of small mol wt compounds by passing through separate Sephadex G-25 columns previously equilibrated with the corresponding buffers. The eluates were directly used for enzyme assays. All operations up to this stage were carried either on ice or in a cold room at 4 C.
Enzyme Assays. Nitrate reductase (EC 1.6.6.1) was assayed by measuring NADH-dependent production of nitrite (8) . Nitrite reductase (EC 1.6.6.4) was measured by following the disappearance of nitrite using dithionite-reduced methyl viologen as reductant (5) . NADH-and NADPH-dependent glutamate dehydrogenases (EC 1.4.1.2 and EC 1.4.1.4) were assayed by measuring the rate of oxidation of NAD(P)H at 340 nm in presence of ammonia and a-ketoglutarate (14) . A control lacking a-ketoglutarate was run simultaneously for each assay. Glutamine synthetase (EC 6.3.1.2) was measured using the biosynthetic assay based on the release of inorganic phosphate (20) . The Pi liberated was measured by the method of Ames (1) .
Glutamate was omitted in the blanks to correct for Pi liberation due to any ATPase activity. Glutamate synthase (EC 2.6.1.53) was assayed using reduced methyl viologen as the electron donor (16) . Blanks lacking glutamine were run simultaneously. Glutamate formed was separated by paper chromatography in 75% (v/v) phenol with H20 and quantified by the method of Atfield and Morris (2) .
NADP glyceraldehyde-3-P dehydrogenase (EC 1.2.1.13), Cyt c oxidase (EC 1.9.3.1), and catalase (EC 1.11.1.6) were assayed as described previously (25) . Chlorophyfl. Chorophyll was determined using the extinction coefficients of Wintermans and DeMots (30) . All rates were ID EDWARDS Plant Physiol. Vol. 57, 1976 expressed as ,umol/mg Chl -hr on the basis of Chl present in the original homogenate.
RESULTS AND DISCUSSION ENZYME ACTIVITIES IN LEAF EXTRACTS
The activities of a number of nitrate-assimilating enzymes in leaf extracts of the C4 species examined including nitrite reductase (average activity, 30 ,mol/mg Chl hr, data not shown), NADH-glutamate dehydrogenase, glutamine synthetase, and glutamate synthase (Table I) were high enough to account for proposed in vivo rates of nitrate assimilation of 6 to 12 ,umol/mg Chl -hr (18) . P. miliaceum and P. maximum were found to have higher levels of all of the enzymes compared to D. saguinalis, Z. mays, and S. bicolor. The levels of nitrate reductase were relatively low compared to other enzymes (particularly in S. bicolor, 0.5 ,umol/mg Chl-hr; data not shown). However, the level of nitrate reductase (average activity in leaf extracts for the five species, 3.9 ,umol/mg Chl -hr; data not shown) was generally equivalent to that of previous reports with various plant species (14, 27) .
INTERCELLULAR DISTRIBUTION OF NITRATE-ASSIMILATING EN-

ZYMES
Nitrate and Nitrite Reductases. Nitrate reductase was predominantly localized in mesophyll cells of all species examined. (Average activity for the five species was 3.9 Zmol/mg Chl * hr, whole leaf extracts; 6.2 ,umol/mg Chl -hr, mesophyll extracts, and 0.6 ,umol/mg ChlXhr, bundle sheath extracts [data on individual species not shown].) Nitrite reductase activity was several-fold higher than nitrate reductase; however, the distribution resembled that of nitrate reductase except for P. maximum, which had 80 and 74 jumol/mg Chl hr in mesophyll and bundle sheath extracts, respectively. Average activity of nitrite reductase in the other species examined was 30 ,umol/mg Chl -hr, whole leaf extracts; 54 ,umol/mg Chl -hr, mesophyll extracts; and 11 umol/ mg Chl -hr, bundle sheath extracts (data on individual species not shown).
These results with enzymically separated cells showing predominant localization of nitrate and nitrite reductases in mesophyll cells are generally similar to those of previous studies with a few C4 species where mesophyll and bundle sheath fractions were separated by nonaqueous density gradients (28) or differential grinding of leaves (19, 23) .
NADH-and NADPH-dependent Glutamate Dehydrogenases. The observed activities of NADH-glutamate dehydrogen- 
NITRATE-ASSIMILATING ENZYMES IN C4 PLANTS
ase were 2-to 3-fold higher than those of NADPH-glutamate dehydrogenase in all of the species examined. NADH-glutamate dehydrogenase was localized predominantly (69-87%) in the bundle sheath cells (Table I) . NADPH-glutamate dehydrogenase was found about equally distributed, on a Chl basis, between the mesophyll and bundle sheath cells of D. sanguinalis, P. miliaceum, and P. maximum. Our results with S. bicolor are at variance with those of Mellor and Tregunna (19) , who reported that the NADPH-glutamate dehydrogenase is localized in the bundle sheath cells of Sorghum sudanese. The reason for this discrepancy is not clear.
Glutamine Synthetase and Glutamate Synthase. The ATPdependent glutamine synthetase was primarily (71-91% on Chl basis) localized in the mesophyll cells of all of the C4 plants studied (Table I ). The amount of Pi liberated in reaction mixtures lacking glutamate was low (0-4 ,umol/mg Chl hr), which indicates little ATPase activity under the reaction conditions used. Glutamate synthase appears to be exclusively confined to mesophyll cells in all of the NADP-ME species, while in P. miliaceum and P. maximum, most of the activity was localized in the mesophyll cells (Table I) . Glutamate synthase activity in Z. mays leaves, like in pea leaves (16) , was ferredoxin dependent. However, methyl viologen and dithionite were utilized routinely as electron donors in the present study for assaying glutamate synthase activity in all of the species. The activity recorded with reduced ferredoxin in Z. mays was 27 to 35% greater than with methyl viologen. No activity of NADH-and NADPH-dependent glutamate synthases was found in the leaf extracts of C4 species examined (data not reported).
Although most of the enzymes were found in varying levels in both mesophyll and bundle sheath extracts, it is evident from Table I that, on a Chl basis, nitrate reductase, nitrite reductase, glutamine synthetase, and glutamate synthase were concentrated in mesophyll cells. While NADH-glutamate dehydrogenase was localized predominantly in the bundle sheath cells of all of the C4 species studied, NADPH-glutamate dehydrogenase was found in both mesophyll and bundle sheath cells at varying levels depending upon the species.
Generally, where enzymes are localized primarily in one cell type, as with nitrate reductase, nitrite reductase, glutamine synthetase, and glutamate synthase in the mesophyll cells, the enzyme activity in the cell extract on a Chl basis is about 2-fold higher than that of the whole leaf extract (Table I ). This suggests that recovery of enzymes from the isolated cells is equivalent to that of whole leaf extracts, although the percentage recovery is not precisely determined.
QUANTITATIVE DISTRIBUTION OF ENZYMES BETWEEN MESOPHYLL AND BUNDLE SHEATH CELLS IN VIVO
In considering the total distribution of enzymes of nitrate assimilation between mesophyll and bundle sheath cells, it is useful to evaluate the data relative to the distribution of total leaf Chl between the two cell types (Table II) . Species having high NADP ME have the leaf Chl slightly higher in MP or about equally distributed between the two photosynthetic cell types, while NAD ME and PEP-CK-type species have 63 to 74% of the leaf Chl in bundle sheath cells (15 Preliminary evidence for the localization of the enzymes of nitrate assimilation in cellular organelles was sought by differential centrifugation of homogenates of MP and bundle sheath cells of P. miliaceum (Table III) . Using NADP glyceraldehyde-3-P dehydrogenase as the marker enzyme for chloroplasts, the 600g pellet was found to represent an enriched fraction (78%) of intact chloroplasts. Almost all of the Chl was recovered in the 600g fraction. Cytochrome c oxidase served as a marker for mitochondria and indicated that 64 to 78% of the activity was associated with the 10,000g pellet. About 40% of total catalase activity was found with the 10,000g pellet, indicating also the presence of some microbodies in this fraction. Associated with the 600g pellet were nitrite reductase (82%), NADPH-glutamate dehydrogenase (70-77%), glutamine synthetase (69-74%), and glutamate synthase (84%) with no activity in the mitochondrial fraction. Although much of the nitrate reductase activity was found in the 10,000g supernatant, 20 to 30% of the activity was associated with the 600g pellet. NADH-glutamate dehydrogenase appeared mostly in the 10,000g fraction with only 18 to 22% being present in the chloroplast fraction. In previous studies with Eleusine coracana, nitrite reductase and NADPH-glutamate dehydrogenase and a part of nitrate reductase were also found associated with the chloroplasts (23) . The partition of enzymes by differential centrifugation was similar in both mesophyll and bundle sheath cells of P. miliaceum (Table III) .
NITRATE ASSIMILATION IN C4 PLANTS
In the present work, substantial activities of several enzymes of nitrate metabolism are reported in leaves of plants representing the three C4 subgroups. Since a major proportion of the enzymes are confined to the mesophyll cells in all of the C4 Table II (25, 26) . The homogenates were initially centrifuged at 6OOg for 3 min followed by 10,00Og for 10 min to obtain particulate fractions. The pellets were suspended in the above medium without sucrose and EDTA. Samples of these suspensions were Triton X-100 treated, centrifuged and assayed, without passing through Sephadex G-25 columns. (19) . The predominant localization of nitrate-assimilating enzymes in the mesophyll cells corresponds to the site of aspartate and malate synthesis in leaves of C4 plants (12, 24) . This common localization of nitrogen rate reduction and organic acid synthesis may be significant since the reduction of nitrate in leaves causes the production of OH-which results in an accompanying synthesis of organic anions such as malate (17) . In the proposed pathway of C4 photosynthesis, continuous nitrogen assimilation is not required (23) . In general, species representing different C4 groups do not appear to have substantial differences in the levels or intercellular localization of nitrate-assimilating enzymes. However, glutamate synthase is low in bundle sheath cells of NADP-ME species in comparison to species examined from other groups. Also, the levels of nitrite reductase and glutamate synthase were considerably higher in bundle sheath cells of P. maximum than in the other species examined.
Our results do not support the conclusions of Mellor and Tregunna (19) that the level of nitrite reductase in the bundle sheath cells of C4 plants is correlated with the presence of chloroplasts with grana since most of the nitrite reductase activity in leaves of P. miliaceum is localized in their mesophyll chloroplasts even though their bundle sheath chloroplasts are granal (7) with high photosystem II activity (15) .
